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FOREWORD 

A study a t  t he  National Bureau of Standards (NBS) 
which t h i s  is  the  first progress report ,  has been undertaken 
t o  meet the  need of the National Aeronautics and Space 
Administration (NASA) f o r  thermodynamic informat Ion on 
biologically re la ted  materials important t o  the  space program 
f o r  several  reasons. 
of  inferring the  maximum amount of  useful chemistry of  In- 
completely accessible environments, f o r  which only l imited 
information is  available, the  possibi l i ty  of t he  occurrence of 
nrganic? compmmds na tx r s l lg  synthegized i_?_n_der primitive 
cmditions,  and the  poss ib i l i ty  of theore t ica l ly  recovering 
par t  of the  prebiological history of  t he  earth. 

of 

Among these reasons are  t h e  necessity 

This program is  being carried out under the  technical 
supervision of D r ,  George Jacobs of NASA, and with the  
consultation o f  D r .  Harold Morowitz o f  the  Yale University, 
Department o f  Molecular Biology and Biophysics, and Dr .  C. W. Beckett 
of t he  Heat Division (NIB) The contract (Contract No. R-138) was 
i n i t i a t e d  May I, 1964, and this  report  covers t h e  f i rs t  three 
months of the  term of t he  contracto 

George T. Armstrong 
Supervisory Chemist 
Project Leader 
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Section I 

SUMMARY OF PROGRESS ON THE SURVEY OF THERMODYNAMIC DATA 

The survey of l i t e r a t u r e  and available thermodynamic data f a l l s  
natural ly  in to  two categories which a re  carr ied out by d i f fe ren t  
personnel and are separately described in t h i s  Report. The two cate- 
gories are  (I) heat capacities, enthalpies and entropies, carried out 
under the  supervision of  G, T. Furukawa, and (2) heats  and frse energies 
of reaction and formation, under the supervision of  G. T, Armstrong. 
These surveys are  discussed briefly in par t s  A and B respectively, of 
Seation I, and the  s~rmariaed OY i l h s t r a t i ~ e  fitdhg:! are giyen LY 
Section I1 and Sectlon 111 respectively. The findings l i s t e d  In 
Sections I1 and I11 are not necessarily i n  a f i n a l  form, but the  
formats presented are  shown, a t  least  in part  t o  test t h e i r  u t i l i t y ,  

Par t  At Heat Capacity of Compounds o f  Hydrogen, 
Carbon, Nitrogen, Oxygen, Phosphorus, and S u l f u r  

bY 
George T. Furukawa 

The l i t e r a t u r e  survey of heat-capacity data was in i t i a t ed  as a 
par t  0- program t o  investigate the thermodgnamic properties of 
biologically re la ted compounds of the elements: H, C, N, 0, P and S. 
The heat-capacity data w i l l  be analyzed t o  obtain tab les  of themo- 
dynamic properties. 

Section I1 of  t h i s  report gives the r e su l t s  of  the  l i t e r a t u r e  
survey of heat capacity o f  compound8 c o h t a b h g  H, C, N, 0, and S. 
The survey on phosphorus compounds w i l l  be s ta r ted  during the  next 
quarter. The l i t e r a t u r e  survey is  s t i l l  Fn progre.ss and other sources 
or" data and data on other compounds are being compiled. The data on 
most of the  important compounds are  considered, however, t o  have now 
been compiled. 
i s  i n  progress t o  obtain tables  of thermodynamic properties. 

The slower, more t h e  consuming process of data analysis 

The substances on which heat-capacity data are  available, were sub- 
divided temporarily into the  following c lass i f ica t ions  until more 
convenient ones could be devised! 

1, 
2. 
3 .  
4. 
5, 
6. 
7. 
8. 
99 
10. 

alcoholsr, a l iphat ic  
alcohols, aromatic 
alcohols, polyhydroxy, a l iphat ic  
sugars 
ketonea 
esters 
ethers  
aldehydes 
acids, a l iphat ic  
acids, aromatic 
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acids, hydroxy, mercapto, and polycarboxylic 
amines and other C-N compounds 
sulfur compounds, t h i o l  group 
sulfur compounds, thia ,  dithia,  and cycl ic  groups 
amino acids, a l iphat ic  groups 
amino acids, hydroxyl containing, a l iphat io  and 

amino acids, aromatic and related groups 
amino acids, carboxyl and amide groups 
amino acids, amino groups 
amino acids, sulfur containing groups 
amino acids, Imino acid groups 
other biologically important compounds: 

other b io10 g i c  a l l y  import ant compounds : 

other biologically important compounds: 

aromatic groups 

peptide bond 

guanido group 

purines and others 

The sources of the  existing data  are  arranged tabular ly  along with 
the temperature range over which the  heat capacity o r  r e l a t ive  enthalpy 
measurements were obtained. The physical 8tateS of  t he  substances in 
the  above range o f  measurements are indicated by the  symbols c p  e, g, 
o r  g.l, which designate the  crystal ,  l iquid,  gaseous, o r  glassy s ta te ,  
respectivelye 
given whenever it was evaluated by the  investigator f r o m  the  data. 
The temperature corresponding t o  the  entropy value i s  given whenever 
the  tamperatwe is other than 298.15°K, 
t o  the value of entropy I s  given in the  parenthesis wither preceding or  
following the value, 
ever t h e  value was estlmatsd a r  obtained bay extrapolation, The numbers 
i n  brackets are  the  l i t e r a t u r e  references l i s t e d  a t  the  end of .this 
chapter, 

The entropy a t  298.15*K o r  a t  another temperature is 

The physical s t a t e  corresponding 

The entropy value is  enclosed in parenthesis when- 

The unit of calor ie  i s  the defined aa lor ie  = &1840 Joules. 

2 



P a r t  B, Survey of Data on Heats of Reaction and Formation 
by G. T. Armstrong 

Pending the  establishment of  more def in i te  limits on the  scope o f  
compounds t o  be covered ult imately In the  surveg, the  l i t e r a t u r e  compila- 
t ion  was s tar ted with a group of amino acids, on the  bases tha t  (1) t h i s  
c lass  of substances must def in i te ly  be  of in te res t ,  (2) they a re  a 
suf f ic ien t ly  c lear ly  characterized group of compounds BO t h a t  t h e  data on 
thm sholrld be readi ly  found, and (3) we “ere aware of set of measurements 
of heats  of formation on a se r ies  of a few of them, which might well be 
def in i t ive  f o r  them, 

information so f a r  compiled comprises some 50 odd compound-studies. (Some 
sources discuss more than one compound; some compounds were studied more 
than once.) 

The search so far completed covers amino acids and 
rnL - L U G  s very fey re lated zo~pmiids  sncol;ztsrzd Li the search f a r  thm, 

The findings are summarized in  Section I11 of t h i s  report. 

The compound s tudies  have been l i s t e d  i n  a log ica l  alphabetic- 
numeric order with respect t o  the  elemental composition of t he  compound, 
The order thus far  adopted, and which we propose t o  use f o r  the remainder 
of t he  work is almost precisely tha t  i n  which the  same compounds would be 
found i n  the  Chemical Abstracts Formula Index. The only exception is  in 
t he  treatment of water of hydration of crystals,  In  ou r  c lass i f ica t ion  
t h i s  w i l l  be compiled d i r ec t ly  i n t o  the elemental composition of the  
e q u n d ,  and the  resul t ing formula w i l l  be classified according t o  the 
composition thus shown. The alphabetical order i n  pr inciple  d i f f e r s  
somewhat from the  order in Chemical Abstracts Index f o r  organic compounds, 
f o r  which they invariably follow C by H regardless of  other elements. 
However, in the  special  case formed by the  six elements C-H-N-0-PS, no 
elements intervene alphabetically between C and H, and so no deviation 
from the  Chemical Abstracts Index occurs. 
of some importance because t h e i r  number w i l l  run into the  hundreds, and 
it is  necessary t o  make finding practicable, 

The order o f  the  compounds i s  

Some at tent ion wae given t o  the manner o f  presenting information. 
A card f i l e  has been established, i n  which there is  a separate card f o r  
each compound-study. So far l i s t e d  on these cards are: elemental composi- 
tion, systematic name, l inear  s t ructural  formula, t r i v i a l  o r  common name, 
c lass  of substance, source reference, and source-reference finding numberp 
This information has been placed on punched tape, and so the  information 
can be reproduced readi ly  by automatic typewriter a t  W i l l .  
information w i l l  be added u l t h a t e l y ,  such as  the  heat o r  equilibrium 
process observed, and the  quantity reported f o r  t ha t  process. 
numbers f o r  the  sources in t h i s  study have the  p re f ix  BIO - f o r  biological, 
t o  distinguish them from our  other records. 

Some additional 

The finding 

The material  i n  Section I11 is tha t  shown on the  cards, a s  reproduced 
by means of t he  tapes. It 18 i l lus t ra ted  here i n  an experimental wag,  t o  
begin t o  evaluate the  u t i l i t y  of t h i s  manner of storage and presentation, 
Changes may be incorporated i n  the  system when they are seen t o  be 
desirable. 

3 



Some general aource8 of information a re  known f o r  organic compounds 
which a re  of suf f ic ien t  in te res t  t o  be mentioned here. 

A review by K. Burton "Free Energy Data of In te res t  in Bio- 
chemistry" l ists  approximately 100 substances and is found 
aa an appendix in the  booklet: 
Energy Transformation in Living Matter, a Survey, by H. A a  Krebs 
and H. L. Kornberg, (Springer Verlag, Berlin, 1957). 
booklet is available separately but i s  reprinted from Ergebniss 
der Phyaiologie, Biologischen Chemie und Experimentellen 
Pharmacologie & 213-298 (1957) . 

This 

Heats of Combuation af Organic Compounds, by M. S. Kharasch, 
Bureau of Standarda JI Research 2, 359-430 (19291, 
This Was the most extensive compilation aC the  time of i t s  
appearance, and while new too old t o  be nearly complete, it 
does l i s t  prac t ica l ly  a l l  of  the  ear ly  l i t e r a tu re .  Perhaps 
1000 compounds are  l i s t e d ,  

Chemistry of the Amino Acids. Volume I. J. P. Greensteh and 
M, Whits, (Wiley and Sans, New York, 1961). Chapter 5 ,  
Thermodynamics and Solubi l i ty  gives a review of thermodynamic 
data on the  amino acidsa 

Primarily, in  order t o  provide guidanae in the  survep of  thermo- 
chemical data, a planning session was held August 6, 1964. 
d s t e  is a f t e r  the  cos8 of t h i s  reporting period, the meeting was held 
before the  typewriting of t h i s  report  was completed, and so a memorandum 
p e r t a k i n g  t o  It l a  attached a s  an appendix t o  t h i s  report. 

While t h i s  



Section I1 

PRE;ZIIMINARY COMPILATION OF HEXI' CAPACITY AND RELATIVE ENTHALPY 
AND ENTROPY DATA PUBLISHED ON BIOLOGICALLY RELATED SWSTANCES 

1 2 

Sub stances Physic a1 
S ta t e  

1, Alcohols a l b h a t i c  

Methyl alcoholL 
CH30H a, e 

c, .t 
cs 4 

I 
C 

3 4 5 6 7 

Year Heat Relative Entropy Ref, 
Reported Capacity b t h a l p y  298,15OK 

Range Range cal/deemole 
OK OK 

1925 
1925 
1929 
1929 
1937 

1908 
-w 
1920 
1925 
1929 
1929 
1920 
1925 
1927 
1929 

1926 88-275 51m2 (e) 
1929 163-274 
1913 20-80 
1920 T7-275 
1926 86-275 
1927 86-275 

ethyl alcohol-n-propyl alcohol, 
CH CH OH-n-CH3CH2CH20H, equimolar mixture 3 2  

gLsI 1920 78-273 
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Section 11 (Cant,) 

1 2 3 4 5 6 7 

S ta t e  
Subet ances Phfsical Year Heat Relative Entropy Ref 

Reported Capacity Enthalpy 298.15% 
Range Range cal,&g-mcile 

isopropyl alcohol, 
CH CHOHCH3 c, 8 

C )  4 
CI 4 

3 

n-butyl alcohol, 
CH3 ( CH2) 2CH20H 0, 

sec.-butyl alcohol, 
CH3CHOHCH2CH3 g4,4 

n- amgl alcohol, 
CH3 ( CH2) 3CH20H c* 4 

t e r t  .-amgl alcohol, 
(CH 3 2  ) COH-CH2CH3 ' 
cyclopent mol, 
( CH2) 4CHOH =I  l 

f u r m y 1  alcohol, 
C H OCH OH 4 4 . 3  2 

n-hexyl alcohol, 
CH3 ( CH2) LCHZOH c, 4 

n-heptyl alcohol, 
CH3 ( CH2) $IH2OH = I  

ce ty l  alcohol, 
CH3 ( CH2) ycCH20H C 

1925 
1928 
1929 

1925 

1936 

1903 
1926 

1933 

1933 

1959 

1959 

1929 

1959 

1959 

"71-293 45.6 4) 
n-293 46.1 
19-293 43.0 kOJ(4) 3 
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1 2 3 4 5 6 7 

Substances Physical Year Heat Relative Entropy Ref. 
S t a t e  Reported Capacity Enthalpy 298d5OK 

R&ge Range cal/deg-mlg 
O K  O K  

2. Alcohnls . aromatic 

phenol, 
C H OH C 1925 89-290 [41 6 5  1933 93-296 3 4 J  (c) [611 

C 1935 78-229 [231 
C 

benzyl alcohol, 
C6H5CH20H c, 4 1936 90-300 51.8 (e) [ 81 

pyrocatechol, 
o-C&(OH) 2 C ?  4 1926 293-473 [751 

resorcinol, 
m-C,H 0 4  (OH) c *  1926 233-473 [751 

a-napht hol  , 
C10H70H c, 4 1926 

P-naphthol, 
C10H70H c s  4 1926 

293-453 

293-478 

propylene glycol, 
CH3CHOHCH20H g4,c 1927 91-277 r 111 

7 



I 

Section 11 (Cant.) 

1 2 3 4 5 6 7 

Subetances Physical Year Heat Relative &tropg Ref, 
Sta t e  Reported Capacity Enthalpy 298.15OK 

erythritol  
( C H ~ O H C H O H ~ ~  C 

a-monopalmit in, 
CH20HCHOHCH20C0 ( CH ) CH 

2u 3 
C 

dulcitol, 
CH20H(CHOH) CH OH 4 2  

a 

d-mannitol, 
CH20H ( CHOH) 4CH20H 

C 

B. Suears 
glucose, - 

c6%?06 0 

C 
C 

$4 
gk 

1923 
1925 
1937 
1922 
1923 

1927 
1937 
1937 

1926 

1926 

1940 

1940 

1926 

1926 

1922 
1925 
1951 
1928 
1943- 

70-280 
53.2 ( J )  

3-87 48.8'7 (e) 
19-31, 
70-299 
11-13 
70-299 
2-95 

167-193 

87-292 42.5 (c) 

298 

298 

88-293 59 2 (c) 

20-296 
53.4 (c> 

273-3 6 8 

273-333 
94-34.0 

8 



SECTION II (Cont.) 

1 

Substances 

2 3 4 5 6 7 

Phyaical Year Heat Relative Entropy Ref. 
S t a t e  Reported Capacity Enthalpy 298.25OK 

Range Range cal/deg-ml.e 
O K  OK 

L- sorbose, 
6'12'6 C 

I -  

a-d-galactose, 
C H  0 C 6 12 6 

a-lactose monohydrate, 
'H 0 c17H22011 2 

C 99.1 ( c )  [66] 

B- lactose, 
C 

1ZH22O 11 C 

p-maltose monohydrate, 

C12H220U*H20 c 1941 61-296 

sucrose, 
C 

12Hz2011 C 
1933 94-297 
1950 276-300 

5. Ketones 

1925 70-289 52.0 ( 8 )  

1929 18-297 47.9h0.3 (A)  
1929 205-256 [a1 

1925 89-290 
1928 70-289 52.7 ( 4 )  

methyl e thyl  ketone, 
CH3S0 CH2GH3 CY 1959 80-300 57.7 (L) [26] 

1910 €lo-33.4 
1910 80-3U. 

I: 211 
I: 211 

? 
quinone 
c6H402 C 

C )  8 
1924. 22-291 
1926 293 -43 3 

1926 20-243 

9 
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Section 11 (cant,) 

1 2 3 4 5 6 7 
Substances Physical Year Heat Relative Entropy Ref 

Sta t e  

6. Esters  

ethyl acetat e, 
CH3CH20 COCH3 C P  8 

P-naphthyl sa l icy la te  9 

7.  Ethers 

dimethyl ether, 
(CH3) 2Q c, 4 

furan, 
c4H40 c* 1, 

n- butyraldehyde, 
CH3 ( CH2) ,fHO C )  

n-heptaldehyde , 
CH3 ( CH2) 5CH0 C J  ' 

Reported Capacity Enthalpy 298.150K 
Range Range cal/deg-mole 

OK OK 

1933 

1910 
1910 

19& 

1926 
1935 

1933 

1949 

1952 

1934 

1959 

1959 

10 

92-294 

83-350 
82-362 

u-245 

76-290 67.7 
80-255 

80-300 

80-300 



Sta t e  

9, Acids, a1iDhati.Q 

formic acid, 
HCOOH C )  4 

C t  

ace t ic  acid, 
CH3COOH C 

c* 4 

propanoic acid, 
CI13CH2COOH C 

n- butyric acid, 
CH3 ( CH2) 2COOH c, 4 

palmitic acid, 
C'13cCH ) COm c 

2I-t. 

Section 11 (COA) 

1 2 3 

Sub st ance s Physical Year 

ortho-toluic acid, 
CH G H COOH 

meta-toluic acid, 

C P  4 3 6 4  

CH C H COOH c, 3 6 4  

3 6 4  
para-toluic acid, 
CH C H COOH C B  4 

Reportel 

1920 
1941 

1913 
1925 

1909 

1926 

1925 

1926 
1933 
1951 
1956 
1957 
1960 
1960 

1926 

19 26 

1926 

11 

4 

Heat 

5 6 7 

Relative Entropy Ref rn 

Capaci,y Enthalpy 298.13:K 
Range Range cal/depmole 
OK OK 

20-80 
87-275 46.3 (.e> 

227-253 

88-292 129.9 ( c >  

293-473 
93-295 40.8 (c) 
U-410 40.05 (c) 

20-294 40,ll (c) 
4-407 40.04 (c> 

80-298 

11-303 

293-473 

293-443 

293-49 8 



1 2 3 4. 5 6 
Substances Physical Year Heat Relative Entropy 

S ta t e  Reported Capacity Enthalpy 298.15O 
Range Range cal/deg*ole 

OK OK 

artho- aminobensoic aaid, 
“H2c6H4co0H 

CY 4 1926 233-433 

meta-aminobenzoic acid, 

para- aminobenzoic acid, 

C t  8 1926 293 -45 3 

C ¶  4 1926 293-463 

11, Acids, hydroxy, mercapto, and polycarboxylic 

d4-lactic acid, 
Ci13CHOHCOOH C P  .t 

g b b  

L(d-)-lactic acid, 
CH3 CHOHCOOH 

d (&I-) -lactic acid, 

C 

CH3ZHOHCOOH C 

fbthiolactic acid, 
CH CHSHCOOH 

3 cs 4 

oxalic acid, 
(COOH) C 

C 
C 
C 

oxalic acid dihydrate, 
(COOH) 2e2H20 C 

C 
C 

succinic acid, 
( CH~COOH)  C 

fumaric acid, 
( =CHCOOH) 2p trans 

C 

1936 (90-300) * 
1936 96-303 

1940 84-298 

1940 84-293 

1935 85-310 

1910 
1910 84-202 
1911 84-202 
1925 

1910 
1910 84-198 
1911 84-198 

1930 93-290 

1930 91-29? 

34.00 (c) 

34.30 (c> 

54.7 ( 4 )  

84-273 

30.4 (c> 

82-273 

*., astimated fromdata on glass and pa r t i a l ly  crypltalline m, 

12 



Section 11 (cant.) 

1 2 3 4 5 6 7 
Substances Physical Year He a t  Relative l l t r o p y  Ref . 

Sta t e  Reported Capacity Enthalpy 298,15O _ _  
Range Range cal/deg-mole 

O K  08 

maleic, acid, 
(=CIICOOH)2, c i s  c 1930 91-294 38,l ( c )  I: 601 

12 . 

&-malic acid, 
HOOCC€i( ClR) CH2COOH c 1931 

d-tartaric acid, 
( CHOHCOOH) C 1906 83-287 

C 19U 83-328 

49. (c) I: 561 

0- phthalic acid, 
0-C 6 4  H (COOH)2 C 1936 90-300 49.7 (c> [ 81 

C (54 H (CO)$J C 1936 9*300 42*7 (c) I: 81 
phthalic anhydride, 



Section II (cont.1 

1 2 3 4 5 6 
Sub stances Physical Year Heat Relative Entropy 

Sta te  Reported Capacity Enthalpy 298.15O 
Range Range cal/deg-mole 

OK OK 

quinoline P 

C9H7N C ?  1936 90-300 

hydroxgacet anilide, 
09m,p - HOC H NHCOCH3 6 4  

0,  4 1926 3 2 3 4 3  

cyanogen, 
(CN) 2 @; 1936 173-279 

1939 15-252 
S0(4,251,95) = 33.19 

0 9  4 

g 1939 185-320 
(57.64) ( g )  

13. S u l f ' u r  oomDound 9. t h i o l  PI'OUQ 

methanetkiol, 
CH3SH 

ethanethiol, 
CH3CH2SH 

2-propanethiol, 
GH CHSHCH3 3 
I-butanethiol, 
CH3 ( CH2) 3SH 

2-but anethiol, 
CH3CHSHCH CH 2 3  

2-me t hyl-1-propane thio 1, 

2-methyl-2-prop m e t  hi01 , 
C H ~ C H ( C H ~ H ~ H  C )  L 

( GH3) 3CSH c9 8 

1952 U-315 

1956 13-315 

1954 1 9 3 2 2  

1957 13-3U 

1958 12-307 

1958 12-349 

1953 12-329 

J-4 



1 
Subs t a m  e s 

2 3 4 5 6 ' I  
Phyeical Year Heat R o l a t , i v u  Rritrcpy Rof 
S t a t e  RePcjrt6d Capacltj  E n t h d p y  %38,15°K 

Range Range nol/deg-mole 
OK a 

15 



SECTION 11 (cant,) 

1 2 3 4 5 6 7 
Substances Physical Year Heat Relative Entropy Ref 

S t a t e  Reported Capacity Enthalpy 298,15OK 
Range Range cal/deg-mole 

thiophene, 
C H S  L 1934 

cs  8 1949 4 4' 

3-methylthiophene 
(CH3) C4H3S OF 4 1953 

bwothiophene 
'SH6' cs 4 1954 

thiacyclobutane, (C") 3s c* 1953 

15. Amino acids, al i t l h t i c  moms 

glycine, aminoacetic acid, 
NH2CH2C OOH 1933 

0 1960 
c 

OK 

238-289 
3.2-336 

12-344 

12-33" 

12-330 

12-321 

13-333 

13-342 

93-300 
12-302 

d-alanine, L-;?-amlnoprapanoic acid, 
CH3 ( NH2) CHCOOH 

C 1932 84-297 

&-alanine d-2-aminopropanoic acid, 
CH3 ( NH2) CHCOOH 

c 1960 12-305 

dl-alanine, dG2-amhopropanoic acid, 
CH3 ( Miz) CHCOOH 1937 85-298 
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SECTION I1 ( C o n t , )  

1 2 3 4 5 6 7 
Substances Physical Year H e a t  Relative Entropy Ref . 

Sta t e  Reported Capacity Enthalpy 298,15OK 
Range Range cal/deg-mole 

O K  OK 

&-valine d-a-aminoiaovaleric acid, 
( CH3) 2CH[NH2) CHCOOH 

C 1963 11-301 42.75 (c) [441 

4-leucine, 4-a-aminoisocaproic acid, 
( CH3) 2CHCH ( NH2) CHCOOH 

dl-leucine, dha-aminoisocaproic acid, 
( CH3) 2CHCH ( NH2) CHCOOH 

C 1937 86-297 49*5 (c)  [53I 

4-isoleucine, d-a-mind-methylvaleric acid, 
(CH3) (C2H5) CH(NH2) CHCOOH 

0 1963 11-306 47.71 (c) [&I 
16. Am in0 aci-hvdroxvl c ontainine:, al iDhatic and aromatic FrouDs 

4-tyrosine, L~-amino-p-hgdro~hydrocinnamic acid, 
HOC6H4CH2 ( NH2) CHCOOH 

C 1937 87-295 5 3 8  (c) [531 
C 1963 11-302 5 1 J 5  (c> [431 

Lse r ine ,  L-a-amino+hydroxypropanoic aaid, 
IIOCH2(NH2) CHCOOH, unpublished measurements; 10-305OK 

Lthreonine  4-a-mino-fLhydroxybutanoic a d d ,  
CH3CHOH( NH2fCHCOOH, unpublished measurement st  10-305OK 

17. Amino acida, a ronatio and related E ~ ~ O U D ~  

Lphenylalanine, L-a-amino+-phenylpropanoic acid, 
C6H5CH2 ( MI2) CHCOOH 

C 1963 11-305 51.06 (c) 0+3I 
L - t r y p t o  hane, L-a-amino-3-indolepropanoio acid, 
C8H6NCH2PN"l$ CHCOOH 

C 1963 12-301 60.00 (I:) [43] 
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SECTION 11 (Cont.) 

1 2 3 4 5 6 7 
Substance Physical Year Heat Relative Entropy Ref, 

S t a t e  Reported Capacity Enthalpy 298.15OK 
Range Range cavdeg-mole 

OK OK 

18. Amino acids. carboxtrl an d amide ErouDs 
&-aspartic acid, d-aminosuccinic acid, 
HOOCCH2(NH2) CHCOOH 

C 1932 88-294 41.5 ( c )  1551 
C 1963 11-301 40.66 (c) 1451 

L-aspara ine monohydrate, 8-a-aminosuccinamic acid monohydrate, 
NH2COCH2$NH2) CHCOOH 

C 1932 90-297 51.0 ( c )  [55I 
C 1963 11-303 50.10 (c> [451 

d-glutamic acid L-a-aminoglutaric acid, 
HOOC ( C H ~ )  (NH~JCHCOOH 

C 1932 91-295 45.7 (c) [551 
d-glutamic aaid &-a-aminoglutaric acid hydrocliloride 
HOOC ( CH2) 

C 1940 85-297 59.33 (c> 1 521 
Lglutamic acid d-a-aminoglutaric acid, 
H O O C ( C H ~ >  (NH~JCHCOOH 

L g l u t h e ,  d-a-aminoglutaramic acid, 
NH2C0 ( CH2) ( NH2> CHCOOH 

C 1963 11-308 46.62 (c> 1451 
19. Amino acids, amin 0 erOUDs 

&-lysine hydrochloride, d 4  fi-diaminoc apro i c  acid hgdrochloride 
(NH3C&) ( CH2)L (NH2) CHCOOH 

d-arglnine k-amino-8-guanidovaleric acid, 
NH2C (4") NH ( CH2) (NH2) CHCOOH 

18 



SECTION 11 (Con.t,) 

7 6 a 2 3 4 5 

Substance Physical Pear Heat Relative Entropy Ref . 
State Reported Capacity Enthalpy 298.15OK 

Range Range cal/dog-mole 
OK I< 

e-ar inine hydrochloride, d-a-amino-b-guanidovalerlc acid hydrochlorlde, 
N I I  2 C$=r?i2CL) NH ( CH2) ., ( NH2) CIICOOH 

c 1963 U-30h ce.43 ( c )  [i+2] 

L-hist idine hydroohloride, e-a-amino-5-imidaeole-propano ic acid hydrochloride, 
E Iur j \  PU (nm ) C K C Q ~ E  
3 3 2'""-' ""2 ""2 

C 1963 11-305 65.99 (c> l421 
dl-ornithine, d4-a-b-diaminovaleric acid, 
NH2( C H 2 )  (MI2) CHCOOH 

0 1940 89-298 46.2 (c) 1511 

ornithine dihydroahloride, a-b-diaminovaleric acid dihydrochloride, 
( NH3CL) ( CH2) (NH3Cc) CHCOOH 

C 1940 85-293 '70.25 (c) 1521 

20, Amino aaids, sulfur cOntaininp: gram S 

4 -cy st 8 in8 9 4- 2- arnin o-3-mere apt o pro pano i c a a id, 
HSCH2(NH2) CHCOOH 

C 1936 85-298 40.6 (c) I: 71 

Lcystine, 4 - 3 ~ 3  *-dithiobie (2-aminopropanoio acid) 
(HOOC ( NH2) CHCH2S-) 

67.06 ( e >  [41 '3 C 1936 86-25'? 68.5 (c> 
C 1964 11-303 

.l-methionine, L-2-amino-4-methylthia-butanoic acid, 
CH3S ( CH2) ( NH2) CHCOOH 

C 1964 11-34g 55.32 ( ~ 1  [ A l l  
21, Amino acidrr. Smpino aaid m o w  

4-pro1ines L-2-pyrrolidinecarboxglic aaid, 
CAH8NCOOH 

HO ( CAH+?~COOH, unpubliahed measurement at  10-305°K 

C 1940 88-300 40.8 id 
C 1963 11-302 39.21 (2) 

4-hydroxy roline, L4-hydroxg-2-pgrrolidIne carboxylic acid, 

19 



SECTION 11 (Cont.) 

1 2 3 4 5 6 7 

Substance Physical Year Heat Relative Entropy Ref, 
S t a t e  Reported Capacity Enthalpy 298J5OK 

Range Range oal/cleg-mole 
ou ou 

22. Other bio1oaioall.v $gportant comounds. D e D t  ide bond 

glYcYlglYcine, 
H2NCH2CONHCH2COOH 

C 1 9 4  87-294 4 5 4  (c) 
uhpublihed measurements: 10-305OK 

dl-alanyl lycine, 
(H2N) ( CHJCHComcH2COOH 

C 194.1 85-296 51.0 ( e )  
dl-leucylglycine, 
( CH3) 2CHCH2 (NH2) CHCONHCH2COOH 

C 1941 86-297 67.2 (c) 
hippuric acid 
C 6 5  H CONHCH2COOH c 1941 85-298 5'7.2 (c) 

hippurylglyc ine 
C H CONHCH2CONHCH2COOH 6 5  

C 1941 85-297 75.2 (c) 

23. Other bioloeicallv i m ~ o r t a n  t communds. man ido g r o w  

creatine,  (a-met lguanido) ace t ic  acid, 
( NH2) C (=RH) N ( 

C 1932 87-36 45.3 (4 
creat ine hydrate, (a-methglguanido) ace t ic  aaid hydrate, 
( NH2) C (a) N ( CH3) CH2COOHmH20 

C 1940 87-298 56.0 (c) 

creatinine, 1-methylglycocyamidine, 

(GH3) (C3H4N30) C 1932 87-36 

guanidine carbonate, 
2CH5N3 'H2C03 

C 1940 86-298 
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SECTION 11 (Cont,) 

1 

Substance 

2 3 4 5 6 7 

Phyaica1 Pear 110 a t  Relative Entropy Ref 
S ta te  Reported Capacity Enthalpy 298.l5OK 

Range Range csl/cleg-mols 
OK OIC 

_Other bioloeicallv i r D o r t a n t  comDounds. ~urines w.d others 

hypoxanthine, 6 - o x g p ~ i n e  9 

c5H4N4.0 0 1935 85-298 34-8 ( c )  [541 

uric acid, 2,6,8-trioxgpurine, 
C H N O  5 4 4 3  r: 1935 86-297 41.4 ( c >  [%I 

adenine, 6-aminopurine, 
C H N  

C 1935 88-298 

g?E;H2N4( 2 011) c 1935 84-297 

5 3 4("2) 

, 2-amino-6-hydroxypurine, 

al lantoin,  5-ureidohgdantoin, 

",~0"(C3H3N202) 1935 85-29? 

alloxan; pyrimidinetetrone, 
C H N O  

0 4 . 2 2 4  1935 86-29? 
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Section I11 

Preliminary Compilation and I l l u s t r a t i v e  Format 
o f  Data on Heats and Free Energlea o f  Reaction and Formation 

Bibliography on Amino Acids 

George T. Armstrong and M. C .  Bracken 

Alpha ami.noacetic acid Glycine 

C 82 ( NH2 )CO 3 H  Amino Acid 

Huffman, H. M., and E l l i s ,  E. L., J. Am. Chem. SOC. 59, 2150-55 (1937). 
Thermal Data. V I I I .  
Some Amino Acids. 

The Heat Capacities, Entropies and Free Energies of 

2. C2H5NO2 ( c )  11 TO-9 

Alpha aminoacetic acid 

C H 2  ( "2 )CO OH 

Glycine 

Amino Acid 

Huffman, H. M., Fox, S. W., and E l l i s ,  E. L., J. Am. Chem. SOC. 59, 21114- 
50 (1937). 
Thermal Data. V I I .  The Heats of Combustion o f  Seven Amino Acids. 

3. C2II5N02 ( c )  B 10-2 

Alpha aminoacetic acid Glycine 

CH2( NH2)COOH Amino Acid 

Stohmann, F., and Langbein, H. , J. Prakt. Chem. 4.4, 336-99 (1891 >. 
Calorimetrische Untersuchungen. 
bestandthei ls  und deren Derivate. 

Ueber den Warmewerth der  Nahrungs- 

4. C2H5NO2 ( c )  B 10-1 

Alpha aminoacetic acid 

C H 2 (  NH2)COOH 
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Glycine 

Amino Acid 



5 0  

6. 

7. 

8. 

Wrede, F., Z. Phys. Chsm. 75, 81-94 (1910). 
Uber die Bestirmrmng von Verbrennungswamen mittels der kalorimetri- 
schen Bombe unter Benutaung des Platinwiderstandsthermometers. 

C3H7N02( c )  B 10-4 

Alpha minopropionic acid Alanine 

C H3CH ("2) 2 02H 

Bedhelot, M. P., and Adre,  G., A n n .  Chime phY80 [61 27, 5-17 (1891). 
S u r  Les Chaleurs De Formation Et; De Conbustion De Divers Principes Azotes, 
Derives Des Matieres Albuminoides. 

Amino Acid 

C3"02( c )  B 10-3 

Alpha amino propionic acid Alanine 

CX3CH ("2) Z02H Amino Acid 

Fischer, E., and Wrede, F., Sitzber. Deut. Akad. Wiss. Berlin, K1. Math., 
Phys., Tech. 1904, 687-7150 
mer die  Verbrennungswarme einiger  organischer Verbindungen. 

C3"7N02( c )  B 10-6 

Alpha aminopropionic acid Alanine 

C H3C H ("2 ) C 02H 

Landrieu, Ph, , Compt. Rend. 142, 580-4 (1906). 
Thermochhie des hydrazonea et des osazones, des dicetones-a e t  des sucres 
reducteurs, 

Amino Acid 

C 3H7N02 ( c ) BIO-I 

Alpha aminoppopionic acid d-Alanine 

CH3CH ("2 ) C02H 

Wrede, F,, Z. Phye. Chem. 75, 81-94 (1910). 
Uber die Bestimmung von Verbrennungswarmen mit te la  der  kalorimetrischen 
Bombe unter Benutsung des Platinwideratandethermometers. 

Amino Acid 
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9. C3WNCZ(c> B 10-1 2 

A l p h a  aminopwpionic acid 1-Alanine 

CH3CH(NH2):02H Amino Acid 

Burton, K . ,  and Krebs, H. A, ,  Biochem. J. 54, 94-10? (1953). 
The E'ree-energy Changes Associated with the Individual Steps o f  t he  T r i -  
carboxylic Acid Cycle, Glycolysis and Alcoholic Fermentation and with the  
Hydrolysis of  the  Pyrophosphate Grmp of Adenoeinetriphosphate. 

I! 0. C3H7N02(~) B 10-1 2 

Alpha-aminopropionic acid dl-ARanine 

CH3CH (NH2)COZH Amino Acid 

Burton, K. , and Krebs, H. A. Biochem. J. 54, 94-107 (1953). 
The Free-energy Chmgea Associated with the Individual Steps of  the  T r i -  
carboxylic Acid Cycle, Glycolysis and Alcoholic Fermentation and with the 
Hydrolysis of the  Pyrophosphate Group of Adenosinetriphosphate. 

11. C3H"N02(c) BIO-IO 

Alpha-aminopropionic acid dl-Alanine 

CH3CH(NHZ)COZH Amino Acid 

Huffman, H. M., and E l l i s ,  E. L., J. Am, Chem. SOC. 59, 2150-55 (1937). 
Thermal Data. V I I I .  
Soae Amino Acids. 

The Heat Capacities, Entropies and Free Ensrgiea of 

12. C3H7N02(c) B 10-9 

Alpha-aminopropionic acid dl-Alanine 

CH3CH(NHZ)C02H Amino Acid 

Huffman, H. M., Fox, S. W., and E l l i s ,  E. L., J. Am. Chsm. SOC. 59, 2144- 
50 (1937). 
Thermal Data. V I I .  The Heats of Combuation of Seven Amino Acids. 
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13. 

14. 

15. 

16. 

C3H7N02 (c) B 10-1 

Alpha-aminopropionic acid dl-Alanine 

C H3CS ("2 )S02H 

Wrede, F. , Z. Phye, Chem. 75, 81-94 (191 0). 
Uber die Bestirmrmng von Verbrennungawarmen mittele der kalorimetriechen 
Bombe unter Benutaung des Platinwideretandsthermometers. 

Amino Acid 

N-methylaminoacetic acid Sarcosine 

CH3NHCH2C OOH Amino Acid 

Stohmann, I?., and Langbein, H., J. Prakt. Chem. [2] 45, 305-56 (1892). 
Calorhetriache Untersuchungen. 
mehrsaurigen Alkoholen und Phenolen. 

Ueber den Warmewerth von Kohlehydraten, 

C3H7N02S (c) BIO-11 

Alpha-amino beta-mercaptopropionic acid Cysteine 

HSCHZCH( NH2)COOH Amino Acid 

Kolthoff, I. M., Stricke, W., and T a n a k a ,  N., J. Am. Chem. SOC. 77, 4739-42 
(1355). 
The Polarographic Prewavee of Cystine (RSSR) and Dithiodiglycolic Acid (TSST ) 
and the Oxidation Potentials of the System8 RSSR-RSH and TSST-TSH. 

C3H"03 (c) BIO-13 

Alpha-amino beta-hydroxgpropionic acid Serine 

C H2 ( OH )C H ("2 ) ZOOH Amino Acid 

Metaler, D. E,, Longenecker, J. B., and Snell, E. E., J. Am. Chem. SOC. 76, 
639-44 (1954). 
T h e  Reversible Catalytic Cleavage of Hydroxpamino Acid8 by Pyridoxal and 
Metal Salts. 
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17. 

1 §. 

19. 

20. 

C3H7N03 (c) BIO-3 

Alpha-hydroxy beta-aminopropionic acid Isoserine 

NH2C H2CH (OH ) C 0 OH Amino Acid 

Fischer, E., and Wrede, F., Sitzber. De&. Akad. Wiss. Berlin, Kl, Math., 
Phys., Tech. 1904, 687-715. 
L%er die Verbrelr-mngswame einigsr or gad  scher Verb icdmger? . 

Alpha-hydroxy beta-aminopropionic acid Ieoserine 

NH2CHZCH (0H)COOH Amino Acid 

Wrede, F., Z, Phys, Chem. 75, 81-94 (1910). 
mer die Besthwng von Verbrennungswarmen mittels der kalorhnetrischen 
Boabe unter Benutzung des Platinwiderstandethermometers. 

Iminodiacetic acid 

NH (CH2COOH) 2 

Diglycolamidic acid 

Amino Acid 

Stohmann, F., and Langbein, H., J. Prakt. Chem. [2], 49, 483-500 (1894). 
Calorimetrische Untersuchungen. Ueber die Thermischen Vorgange bei der 
Bildung einiger Amineauren und Nitrile. 

Alpha-aminosaccinic acid Aspartic acid 

HOOCCH2CH(NH2)COOH Amino Acid 

Berthelot, M, P., and Andre, G., A n n .  Chim. Phys. [6J 27, 5-17 (1891). 
Sur Lea Chaleure De Formation Et De Combustion De Divers Principes Azotes, 
Derivee Des Matieres Albuminoides. 
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21 . 

22. 

23 

2.4.. 

Alpha-aminosuccinic acid Aepartic acid 

HOOCCH2CH (NH2)COOH Amino Acid 

Fischer, E., and Wrede, F., Sitaber, Deut. Akad. Wiss. Berlin, K1. Math., 
Phys,, Tech. 1904, 687-71 5. 
Uber die Verbrennungswarme einiger organischer Verbindungen, 

Alpha-aminosuccinic acid Aspartic Acid 

HOOCCH2CH( NH2)COOH Amino Acid 

Stohmann, I?., Z. Phys. Chem. 10, 410-24 (1892). 
Die Verbrennungswarmen organischer Verbindungen. 

BIO-12 

Alpha-aminosuacinic acid 1-Aspartic Acid 

HOOCCH2CH ("2 )COOH Amino Acid 

Burton, K,, and Krebs, H. A . ,  Biochem. J. 54, 94-10? (1953). 
The Free-emrgy Changes Associated with the Individual Steps of the Tri- 
carboqlic Acid Cyole, Glycolysis and Alcoholic Fermentation and with the 
Hydrolysis of the Pyrophosphate Graup of Adenosinetriphosphate. 

C4H8N203 ( c )  BIO-2 

Alpha-aminosuccinic acid rnonami.de Asparagine 

CH(NH2)C02HCH2CONH2 Amino Acid 

Stohmann, F., and Langbein, H., J. Prskt. Chem. 4.4, 336-99 (1891). 
Calorlmetrische Untersuchungen. 
bestandtheile und deren Derivate. 

Ueber den Warmewerth der Nahrungs- 
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NH2CH2CONHCH2COOH 

Glycylglycine 

Amino Acid 

Fischer, E., and Wrede, F., Sitzber. Deut. Aksd. Wiss. Berlin, K1. Math., 
Phys., Tech, 1904, 687-715. 
Lber die Verbrennungswarme einiger organiszher Verbindmgen. 

26. C&Y9::03 :e: i310-; 3 

Alpha-amino beta-hydroxybutyric acid 1-Threonine 

C H3CH ( 0H)C H ("2 )COOH Amino Acid 

Metzler, D. E., Longenecker, J, B., and Snsll ,  E. E. ,  J. Am. Chem. So?. 76, 
639-4.4 (1954). 
The Reversible Catalytic Cleavage of Hydroxy-amino Acids by Pyridoxal and 
Metal Sal ts .  

27. C5H8N205 ( c )  B 10-3 

C 00HNHCH2CONHCH2COOH 

Glycylglycinecarboxylic acid 

Amino Acid 

Fischer, E., and Wrede, F., Sitzber. De-at. Akad. Wiss. Berlin, K1. Math., 
Phys., Tech. 1904, 687-71 5 . 
Uber die  Verbrennungmarmo elniger organischer Verbindungen. 

28. C5H8N205 ( c )  B 10-1 

COOHNHCH2C ONHCH2COOH 

Glycylglycinecarboxylic acid 

Amino Acid 

Wrede, F., Z. Phye. Chem. 75, 81-94 (1910). 
Uber d ie  Bes~lmmung von Verbrennungswarmen mi t te l s  der kalorimetrischen 
Bombe unter  Benutsung des Platinwideratandethernometers. 
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29. 

30. 

31. 

32. 

C5H9N04 (c) BIG3 

Alpha-aminoglutaric acid Glutamic Acid 

If OOC (CH2 ) 2CH ("2 ) COOH Amino Acid 

Fischer, E., and Wrede, F., Sitzber. Deut. Akad. WiSS. Berlin, K1. Math., 
Phys., Tech. 1904, 687-715. 
Uber die Verbrennungswarme einiger organischer Verbindungen. 

C5H9N04 (c) BIO-12 

Alpha-aminoglutaric acid 1-Glutamic Acid 

H03C (CH2 ) 2CH (NH2)COOH 

Burton, K., and Krebs, H. A . ,  Biochem. J. 54, 94-107 (1953). 
The Frse-eiiergy Changes Associated with the Individual Steps of the Tri- 
carbmylic Acid Cycle, Glycolysis and Alcoholic Fermentation and with the 
Hydrolysis of the Pyrophosphate Gmup of Adenosinetriphosphate. 

Amino Acid 

C5H11N02 (c) BIO-1 

Alpha-aminoisovaleric acid Valine 

(CH3)2CHCH(NH2)COOH Amino Acid 

Wrode, F., Z. Phys. Chem. 75, 81-94 (1910). 
Uber die Bestlmmung von Verbrennungswarmen mittels der kalorimetrischen 
Bornbe unter Benutzung des Platinwiderstandsthernometers. 

C6H9N06 (c) BIO-8 

Triglycolamidic acid 

N(CHZCOOH)3 Amino Acid 

Stohmann, F., and Langbein, H., J. Prakt. Chem. [2], 49, 483-500 (1894). 
Calorimetrische Untersuchungen. Ueber die Thermischen Vorgange bei der 
Bildung einiger Aminsauren und Nitrile. 



B 10-1 

Diglycylglycine 

Amino Acid 

Wrede, F,, Z. Phye. Cham, 75, 81-94 (1910). 
Uber die BestFmmung von Verbrennungawarmen mlttele der kalorimetrischen 
Bombe unter Benutzung des Platinwiderstandsthennometers. 

34. C6H12N204S2 (c) BIO-11 

Di-( alpha-amino-beta thiopropionic ) acid Cystine 

[-SCH2CH(NH2)COOH]2 Amino Acid 

Kolthoff, I. M., Stricks, W,, and Tanaka, N., J. Am. Chem. SOC. 77, 4739-4.2 
(1955 
The Polarographic Prewaves of Cystine (RSSR) and Dithiodiglycolic Acid 
(TSST) and the Oxidation Potentials of the Systems RSSR-RSH and TSST-TSH. 

35. C6H13N02 (c) B 10-4 

Alpha-aminoieocaproic auid Leacine 

(CH3)2CHCH2CH(NH2)COOH Amino Acid 

Berthelot, M. P., and Andre, G., Ann. Chim. Phys. [61 27, 5-17 (1891). 
S u r  Les Chalews De Formation Et De Combustion De Divers Principes Azotes, 
Derives Des Matieres Albuminoides. 

36. C6H13N02 (c) 

Alpha-aminoisocaproic acid Leucine 

( CH3 )2CHCH2CH (NH2)COOH Amino Acid 

B 10-3 

Fischer, E., and Wrede, F., Sitzber. Deut. Akad. Wies. Berlin, K1. Math., 
Phys., Tech. 1904, 687-71 5 . 
Uber die Verbrennungswarme einiger organiacher Verbindungen. 
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37. C6H13N92 (c) BIO-2 

Alpha-aminoisocaproic acid Leucine 

( C H3 ) 2C i-ICH2CH (NH2)COOH 

Stohmann, F., and Langbein, H., J. Prakt. Chem. 44, 336-99 (1891). 
Calorimetrische Untersuchungen. 
bestandtheile und deren Derivate. 

Amino Acid 

Ueber den Warmewerth der Nahmngs- 

38. C6H13NO2 (c) BIO-I 0 

Alpha-aminoisocaproic acid d-Leucine 

(CH3)2CHCH2C3(NH2)COOH Amino Acid 

Huffman, H. M., and Ellis, E. L., J. Am. Chem. SOC. 59, 2150-55 (1937). 
Them1 Data. VIII. 
Some Amino Acids. 

The Heat Capacities, Entropies and Free Energies of 

39. C6H13NO2 (c) B 10-9 

Alpha-aminoisocaproic acid d-Leucine 

(CH3 )2CHCH2CH ("2 )COOH Amino Acid 

Huffman, H. M., Fox, S. W., and Ellis, E. L. , J. Am. Chem. SOC. 59, 21.44- 
50 (1937). 
Thermal Data. VII. The Heats of Combustion of Seven Amino Acids. 

4.0. C6H13NO2 (c) BIO-I 0 

1-Leucine Alpha-aminoisocaproic acid 

( CH3 ) 2CHCH2C3 ("2 )C 0 3H 

Huffman, H. M., and Ellis, E. L., J. Am. Chem. SOC. 59, 2150-55 (1937). 
Thermal Data. VIII. The Heat Capacities, Entropies and Free Energies of . 

Amino Acid 

Some Amino Acids. * 



41. C6H13N02 (c) B 10-7 

Alpha-aminoisocaproic acid 

( CH3 ) 2CHCH2CH (“2 )CO 3H 

l-leucine 

Amino Acid 

Huffman, H. M. Fox, S, W. and Ellis, E. L. , J. Am. Chem. Soc. 59, 2144- 
50 (1937). 
Thermal Data. V I I .  The Heats of Combustion of Seven Amino Acids. 

42. C6H13N02 (c) - B I O - I O  

Alpha-aminoiaocaproic acid dl-Leucine 

( CH3 ) 2CHC H2CH ( NH2 ) C OOH Amino Acid 

Huff’man, H. M., and Ellis, E. L., J. Am, Chem. Soc. 59, 2150-55 (1937). 
T h e m 1  Data. V I I I .  
Some Amino Acids. 

The Heat Capacities, Entropies and Free Energies of 

43. C6H13N02 (c) B 10-9 

Alpha-aminoisocaproic acid dl-Leucine 

(CH3)2CHCH2CH( NH2)COOH AmFno Acid 

Thermal Data. V I I .  The Heats o f  Combustion of Seven Amino Acids, 

44. C6H14W.02 (c) B 10-9 

Xlpha-amino-delta-guanidovaleric acid Arginine 

H2NC (=NH)NHCH2CH2CH2CH( NH2)COOH Amino Acid 

Huffman, H. M., Fox, S. W., and Ellis, E. L., J. Am. Chem. SOC. 59, 2144- 
50 (1937). 
Thermal Data. V I I .  The Heats of Combustion of Seven Amino Acids. 
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46. 

‘47. 

C 6€Il IJ402 ( c ) BIO-I 0 

Alpha ami-no-delta-guanidovaleric acid d-Ar ginine 

H2NC (=NK)NHCH2CHXH2CH( NH2)COOH Amino Acid 

Huffman, H. M,, and Ellis, E. L., J. Am. Chem. Soc. 59, 2150-55 (1937). 
Thermal Data. VIII. 
Some Amino Acids. 

The Heat Capacities, Entropies and Free Energies of 

C7H13N03 (c> B 10-1 

Formyl-d, 1-leucine 

Amino Acid 

Wrede, F., Z. Phys. Chem. 75, 81-94 (1910). 
Uaer die Bestimmung von Verbrennungswarmen mittels der kalorimetrischen 
Bombe unter Benutzung des Plstinwiderstandsthermometers. 

C8H14N405 (c) BIO-1 

Tri glycylglyc ine 

Amino Acid 

Wrede, F., Z. Phys. Chem. 75, 81-94 (1910). 
Uber die Bestimtnung von Verbrennungswarmen mittels der kalorimetrischen 
Bombe unter Benutzung des Platinwiderstandsthermometers. 

48. C8H16N203 (c) B 10-1 

d-1-Leucylglycine 

Amino Acid 

Wrede, F., Z. Phys. Chem. 75, 81-94 (1910). 
Uber die Bestimmung von Verbrennungswarmen mittels der kalorimetrischen 
Sornbe unter Benutzung des Platinwiderstandsthermometers. 



49. C9H11N03 BIO-10 

Alpha-amino-beta (p-hydroxyphenyl ) propionic acid 

H X  6mC H2CH ( "2 ) C OOH 

1-Tyrosine 

Amino Acid 

Huffman, H. M., and E l l i s ,  E. L., J. Am. Chem. SOC. 59, 2150-55 (1337). 
Thermal Data. V I I I .  
Some Amino Acids. 

The Heat Capacities, Entropies and Free Exrg iee  sf 

50. C9H11N03 B 10-9 

Alpha-amino-beta ( p-hydroxyphenyl ) propionic acid 

HOC6H4CH2CH( NH2)COOH Amino Acid 

1-Tyrosine 

Huffman, H. M., Fox, S. W., and E l l i s ,  E. L., J. Am. Chem. Soc. 59, 2144- 
50 (1937). 
Thermal Data. V I I .  The Heats o f  Combustion of Seven Amino Acids. 

51. C9H16N205 ( c )  B 10-3 

alpha-Carbethoxyglycylglycine 

Amino Acid 

Fischer, E., and Wrede, F., Sitzber. Deut. Akad. Wiss. Berlin, K1. Math., 
Ph-ys., Tech. 1904, 687-71 5 . 
U m r  d ie  Verbrennungswarme einiger organisaher Verbindungen. 

52. C9H16N205 ( c )  BIO-3 

b eta-Carbe t hoxyglycylglyc ine 

Amino Acid 

Fischer, E., and Wrede, F., Sitzber. Deut. Akad. Wiss. Berlin, K1. Math., 
Phys., Tech. 1904, 687-71 5. 
Uber d ie  Ve.rbrennungswarme einiger organischer Verbindungen. 



53. ClOH19N304 ( c >  B 10-3 

Leiicylglyqylglyc ine 

( C H 3  ) 2CHC H2C H ( "2 )C ONHCH2CONHCH2COOH Amino Acid 

Fischer, E., and Wrede, F., Sitzber. Deut. Akad. Wiss. Berlin, K1. Math., 
Phys., Tech. 1904, 687-71 5. 
mer d i e  Verbrennungswarme einiger  organischer Verbindungen, 
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UNITED STATES GOVERNMENT 

Memorandum 
U.S. DEPARTMENT OF COMMERCE 
NATIONAL BUREAU OF STANDARDS 

0, We Beckett - NEB 
G. T, Furukawa 

TO : J, Hileenrath DATE: N u a t  11, 1964 
G, Jacobs - NASA 
F a  Ha Quimby 
H, Morowitli - Y4le University 

FROM : 
G, T, Armstrong 3. &flz*f-f~) -f " 

SUBJECT: P lannbg  Session August 6, 1964 0 
CHNOPS Compounds 
NBS Project 221-11-0429; N.BA Contra& R-138 

A t  our request, Dr. Harold Morawite from the  Yale University Department 
of Molecular Biology and Biophysics v i s i t e d  UE and discuessd plane f o r  
subject program on Exobiologyo Also preaent were D r .  George Jacobs and 
Dr, Freeman Quhby, of NASA Embiology branch, Dr. Takehiko ~ h i m n o u c h i  of 
the  University of Tokyo, aa WeU as NBS staff members, G. T, Amstrong, 
C. W, Beckett, G, T, Furukawa and J, Hilaenrath, 

I n  a prelimFnary lec ture  Momwit5 outlined the  overal l  problem, 
Amstrong outlined the NBS organization t o  undertake the  work, and 
progress in the  month of July, represented by a report  now in prepara- 
tion, 
data, and Hilsenrath indicated machine computation problems and the  
approach to aolving than, 
scaling technique of some kind can be used t o  handle overflow i n  the  
computer, but t h i a  has not been f'ully tes ted,  

Then 

Furukawa described the progress of  h ie  review of heat capacity 

A t  t he  present point it appears t h a t  a 

Morowitz outlined a procedure f o r  selecting compounds f o r  examination 
o f  which he presented a preliminary l i s t  of about 100 (appended) His 
proposed categories include (a) aero carbon, (b) one carbon, (c) two 
carbon, Dr, Morowitz*s categories w i l l  be used t o  form a s t a r t l ng  l i s t  
f o r  study and w i l l  be amplified as  other compounde In these categories 
a re  encountered, He suggested tha t  a list campriaed of aompounds In 
these categories be all, one should include in a preliminary tes t ing  of 
the  equilibrium calculationa, By examination of the  low y ie ld  compounds, 
t he  number of applicable substances could be narrowed a t  each stage of 
added complexity of the  produats, and thus the way paved f o r  extension t o  
more complicated systeme, 
molecules probably provide the limit t o  which a systematic inclusion of  
a l l  known compounds cau be included, 

An additional category (a) three carbon 
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Plannhg Session 
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August 11, 1964 

Beckett suggested inclusion of some active species such a s  f r e e  radicals  
which would not be present in large amounts a t  low temperature but would 
def ini te ly  be formed in energy-rich reaction zones. The known molecules 
of t h i s  type can be included i n  the foregokg categories (a-d) and will 
be included i n  the  search f o r  data. 

Some discussion of more complex l ife-related compounds indicated t h a t  t h e  
chemistry of  them would probably be.most important i n  aqueous phases, and 
tha t  proper treatment of than would not be easy a t  l e a s t  in the  i n i t i a l  
stages of the  study. Howsver, Morowitz agreed t o  prepare and suppLy a 
l is t  of I1ubiquitous" compounds occurring in a l l  l iv ing  organisms which 
he e s t h a t e d  a t  about 200 in number selected from the  1300 compounds 
l i s t e d  in "Pfizer Handbook of Microbial Metabolites" (McGraw H i l l ,  1961) . 
This l i s t  w i l l  l a t e r  be aombined with l ists  of compounds containing 
llzerotl, one, two, and three carbon atoms and the  other elementst 
o f  greatest in te res t  . 
Dr .  Morowitz w i l l  be retained as  consultant f o r  t h i s  project on a formal 
b a s i s  as soon a s  possible. 

HNOPS 

The meeting s ta r ted  a t  lOrOO A,M. and adjourned about 2:45 P.M. 



CO WOUNDS 

CHN 
CHNO 
CHNS 
CHN O6 

CH2N203 
CH2N204 
CH2N4 
CH c? 2 

CH2% 

(cH20)x  

CH202 
CH2S3 
CH3N0 
CH3N02 
CH3N03 
CH3NS2 

CH3N303 
CH4 
CH4N20 

CH4N202 
CH4N2S 

CH4N402 
CH40 
CH403S 
CH404S 

CH40 6'2 
CH4S 

CH5N 
CH5N0 

CH5N30 

CH5N3S 

CH5N3 

CH5N304 

Hydrocyanic Acid 
Cyanic Acid 
Thiocyanic Acid 
Nitroform 
Cyanamide, Diazomethane 
Formonitriolic Acid 
Dinitroniethane 
1, 2, 3,4-Tetrazole 
FGiiTk3ldE3hjdC3 
Polyoxymethane 
Formic Acid 
Trithiocarbonic Acid 
Formaldehyde Oxime, Formamide 
Nitromethane, Methyl Ni t r i te  
Meth ylnitra te 
Dithiocarbamic Acid 
Nitrourea 
Methane 
Forma midoxime, Formohydrazide Urea 
Hydroxyurea 
Thiourea 
Nitro Guanidine 
Methanol 
Methane sulfonic Acid 
Methylsulfuric Acid 
Methionic Acid 
Methanethiol 
Me thyla mine 
Me th yl-h ydroxyla mine, Methoxya mine 
(banidine 
Semicarbazide 
Ureacnitrate 

Thio semicarbazide 

A9 



Compounds (Cont. ) 

CH503P 

CH5P 

CH6N2 
CH6N4 
CH6N40 

CN408 
co 
cos 

X ( CN) 

c02 
cs2 
CH6N202 

CH8N203 
CH5N03 

CH4NZ0 

CH4N2 
CH5N02 
H 5 N 0  

H4N20Z 

H10N206P2 

H6N04P 
H6NOZP 
H6N03P 

H6N203S 

H8N204S 
H5N04S 

H8NZ08S2 

H8N2S 
H5NS 

H10N204S 

H4N203 

H9N204P 

Methanephosphonic Acid 

Methyl Phosphine 
Methyl Hydrazine 
1-Amino G ua ni dine 

Carbohydrazide 
Parac yanogen 
Tetranitromethane 

Carbon Monoxide 
Carbonyl Sulfide 
Carbon Dioxide 
Carbon Disulfide 
Ammonium Carbamate 

Ammonium Carbonate 
Ammonium Bicarbonate 

Ammonium Cyanate 
Ammonium Cyanide 
Ammonium Formate 
Ammonium Hydroxide 
Ammonium Nitrate 
Ammonium Nitrite 
Ammonium Hydrophosphate 
Ammonium Orthophosphate Mono H 
Ammonium Orthophosphate di  H 

Ammonium Hydrophosphite 
Ammonium Orthophosphite d i  H 
Ammonium Sulfamate 

Ammonium Sulfate 
Ammonium Bisulfate 
Ammonium Peroxidisulfate 

Ammonium Sulfide Mono 

Ammonium Sulfide Hydro 
Ammonium Sulfite 
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Compounds (Cont. ) 

H5N03S 

CH5N2S 

H10N207S2 

c3s2 

H5N5 

H5N303 

H8N203S2 

'3'2 

cs 
H .N_ 
4 L  

C2H8N204 

H6N20 

H6N406 

H8N206P2 

H7N204P 
N H 'H PO4 2 4  3 
N H '2H3P03 2 4  
NHZOHm HN03 
2NH20H* H2S04 

H2 
H2° 
H2°2 
H3P 

(H 2 4) 3 

H2S 

H2SZ 

N2 

N 2 0  

H4P2 

H2S3 

H2S5 

Ammonium Bisulf i te  

Ammonium Thriocyanate 

Ammonium Dithionate 

Ammonium Thiosulfate 

Carbon Suboxide 

Carbon Subsulfide 
Carbon Monosulfide 

Hydrazine 

Hydrazine Azide 
Hydra zine Formate 

Hydrazine Hydrate 

Hydrazine Ni t ra te  

Hydrazine Dinitrate 

Hydrazine Hypophospha te 

Hydrazine Orthophosphate 

Hydrazine Mono-orthopho sphite 

Hydrazine Diorthopho sphite 

Hydroxylamine N i t r a t e  
H ydroxalamine Sulfate 

Hydrogen 
Water  
Hydrogen Peroxide 
Hydrogen Phosphide A 

Hydrogen Phosphide B 

Hydrogen Phosphide C 

Hydrogen Sulfide 
Hydrogen Disulfide 

Hydrogen Trisulfide 

Hydrogen Penta su If ide 

Nitrogen 

Ni t rous  Oxide 
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Compounds (Cont. ) 

NO 

N02 

N03 

N2°3 

N2°5 

NOHS04 

(NOS0,)20 
HNOg 
HN02 

H2N20Z 

O2 

(PHJ2S04 

Nitric Oxide 

N1 Irogen Dioxide 

Nitrogen Se squionide 
Nitrogen Pentoxide 

Nitrogen Trioxide 
Nitrosulfuric Acid 
Ni t ros  yls ulf uric Ae id 

Nitric Acid 
Nitrous Acid  
Hyponitrous Acid 

Oxygen 

Phosphonium S u l h t e  
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